Quantum-chemical Modeling of Benzene with Ethylene Alkylation Reactions Using Liquid-phase Catalyst  by Khlebnikova, E.S. et al.
 Procedia Engineering  152 ( 2016 )  2 – 7 
1877-7058 © 2016 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Peer-review under responsibility of the Omsk State Technical University
doi: 10.1016/j.proeng.2016.07.605 
ScienceDirect
Available online at www.sciencedirect.com
International Conference on Oil and Gas Engineering, OGE-2016 
Quantum-chemical modeling of benzene with ethylene alkylation 
reactions using liquid-phase catalyst 
Khlebnikova E.S.a*, Ivashkina E.N.a, Pappel K.a 
aNational Research Tomsk Polytechnic University, 30 Lenina st., Tomsk 634050, Russian Federation 
Abstract 
The article describes the results of thermodynamic and kinetic parameters determination of benzene with ethylene alkylation 
reactions in the presence of liquid-phase catalyst. During the process a list of reactions was considered, activation energy and 
reaction rate constants are determined. These parameters were used as the basis for the mathematical model development in 
benzene with ethylene alkylation.  
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1. Introduction 
One of the most dynamically developing areas of petrochemical industry is the ethylbenzene production (EB), 
which is widely used as an intermediate in styrene production, the raw material for polystyrene, ABS - plastic and 
synthetic rubber productions. Usually ethylbenzene is prepared by benzene with ethylene alkylation and a small 
amount of ethylbenzene can be obtained by C8 aromatic hydrocarbons superfractionating. The alkylation reaction 
can occur in both liquid and gas phases [1-7]. 
In Russia, the total production capacity of EB is 849 000 tons per year, which in turn is 2.4% of the world 
capacity. Given the growth in demand for polystyrene and styrene-butadiene rubber, in the next few years EB 
production will continue growing by 5-7% per year [8]. 
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The purpose of this work is to define thermodynamic parameters and kinetics of benzene with ethylene alkylation 
using liquid-phase catalyst and to develope mathematical model of alkylation unit for one of the Russian 
petrochemical plants. 
2. Study subject 
The most important step in mathematical model development of alkylation is to define a list of possible process 
reaction, as well as consideration of physical and chemical laws (kinetic and thermodynamic) of reactions 
occurrence. The calculations accuracy, the mathematical model adequacy of the real process, the complexity of 
mathematical description and computer realization largely depend on the degree of chemical reactions specification 
[9-13]. 
The list of reactions was compiled on the base of component composition of the input and output streams in 
alkylator. The used data are the results of the reactor block monitoring at one of the Russian petrochemical plants. 
The list of reactions is shown in Table 1. Table 2 shows the component composition of input and output streams in 
the alkylator. 
 
   Table 1. The list of reactions in alkylation. 
№ Reaction 
1 C6H6 + C2H4→ C6H5C2H5 
2 C6H5C2H5 + C2H4 → C6H4(C2H5)2 
3 C6H6 + C6H4(C2H5)2→ 2C6H5C2H5 
C2H4 +C2H4→ C2H4C2H4 
5 C6H6+ C2H4C2H4 → C6H5C2H4C2H5 
6 C6H6 + C3H6→ C6H5C3H7 
7 C6H4CH3 + C2H4→ C6H3CH3(C2H5) 
8 2 C6H6 + C2H4→ 2C6H4CH3 
9 C6H4CH3 + 2C2H4→ C6H5C2H5 + C3H6 
 
For the most of hydrocarbons in this process thermodynamic properties are not defined in literature data. So it 
made necessary to determine the thermodynamic characteristics of alkylation reactions using quantum chemistry 
methods. 
    Table 2. Composition of raw and product mixture in alkylation. 
  
Component Concentration, mol % 
Raw 
benzene 76 
ethylene 16 
PAB* 8 
Product 
benzene 61.09 
toluene 3.28 
ethylbenzene 30.01 
iso-propylbenzene 0.95 
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diethylbenzene 3.21 
sec-butylbenzene 1.46 
*PAB: the sum of diethylbenzene, iso-propylbenzene, sec-butylbenzene. 
 
3. Methodology 
 The considered process of benzene with ethylene alkylation is carried out in the presence of Lewis acids. It is 
known that the alkylation of olefin occurs through the catalyst activation, after which the activated complex is 
reacted with benzene and alkylbenzenes [14, 15]. 
The proposed mechanism involves 4 stages (for example, the target reaction): 
1. Interaction of ethylene with hydrogen chloride, resulting in ethyl chloride formation, which readily 
disintegrates into ions:  
С2H4 + HCl → CH2CH3Cl 
2. The second stage is the formation of carbocation: 
C2H5Cl + AlCl3 → CH2CH3ClAlCl3 
3. At the third stage, the electrophilic carbocation attacks benzene and form an intermediate, which has a high-
energy value. This stage is limiting. 
CH2CH3ClAlCl3 + С6Н6 → C8H11AlCl4 
4. The last stage involves elimination of hydrogen from the intermediate, catalyst reduction and product 
formation: 
C8H11AlCl4 → C6H5CH2CH3 + HCl + AlCl3 
Numerical studies have been conducted using the method of Semi-empirical, based on NDDO (Neglecting of 
Diatomic Overlap) approximation at PM3 level using Gaussian software [16, 17]. Modern semi-empirical methods 
do not require large computing resources and often give satisfactory accuracy in the description of valence 
interactions. 
Since the reaction proceeds in liquid phase, so solvation effect was considered. The benzene was considered as 
solvent and initial optimum benzene: ethylene ratio is (8–14): 1. 
The calculations were made taking into account the process conditions: temperature is 393 K, pressure is 1 atm., 
catalyst is AlCl3. 
Each stage of these reactions corresponds to transition state. Transition states were determined QST2 method at 
B3LYP/6-31++G(d,p) and LSDA/6-31++G(d,p) levels.  
 
4. Results and discussion 
At the first stage of thermodynamic calculation optimization of all reactants and products was performed, at each 
stage of each reaction oscillation frequencies, enthalpy, entropy and Gibbs energy were defined [13]. Obtained data 
(enthalpy, entropy and Gibbs energy) are performed in Table 3. 
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Table 3. Thermodynamic parameters of the main and intermediate substances for the target reaction. 
 
 ε0 + Нcorr, Hartree ε0 + Gcorr, Hartree S, kcal / (mol∙K) 
AlCl3 -0,212299 -0.251816 72.295 
AlCl4- -0.439307 -0.491005 94.581 
C6H6 0.142529 0.104564 69.457 
CH2CH3Cl 0.035097 -0.000717 65.521 
C6H5CH2CH3 0.180012 0.131055 89.564 
C2H4 0.080951 0.053187 50.793 
HCl -0.023811 -0.04698 42.387 
CH2CH5 + 0.360041 0.328737 57.271 
CH2CH3AlCl4 -0.212299 -0.251816 72.295 
[C6H6С2Н5]+[AlCl4]- -0.439307 -0.491005 94.581 
 
In Figure 1 energy profile of the main reaction is performed. It confirms that the limiting step is the third stage of 
transition state; each chemical element corresponds to sphere color: white - hydrogen, gray - carbon, green - 
chlorine, orange - aluminum. 
 
 
Fig. 1. Energy profile of the target reaction. 
 
Similarly, the thermodynamic parameters of transition state of by-alkylation reactions were determined. 
As a result of study numerical thermodynamic parameters [19] and kinetics of benzene with ethylene alkylation 
in the presence of aluminum chloride were determined. On the basis of defined Gibbs free energy values for the 
given list of reactions it can be concluded that the considered reactions are thermodynamically possible. For the 
target reaction value of enthalpy is -114.13 kJ / mol, entropy is -128.48 kJ / (mol∙K) and Gibbs energy is -70.06 kJ / 
mol. The activation energy and reaction rate constants of the process are performed in Table 4. 
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  Table 4. Kinetic parameters of the process reactions at T=393 K and P=1 atm. 
 Reaction Ea,  
kJ / mol k, sec
-1 
1 C6H6 + C2H4→ C6H5C2H5 152.5 5.37E-02 
2 C6H5C2H5 + C2H4 → C6H4(C2H5)2 141.6 3.02E-03 
3 C6H6 + C6H4(C2H5)2→ 2C6H5C2H5 171.8 8.04E-05 
4 C2H4 +C2H4→ C2H4C2H4 113.9 2.90E-03 
5 C6H6+ C2H4C2H4 → C6H5C2H4C2H5 106.4 1.44E-04 
6 C6H6 + C3H6→ C6H5C3H7 130.4 4.65E-01 
7 C6H4CH3 + C2H4→ C6H3CH3(C2H5) 140 2.22E-02 
8 2 C6H6 + C2H4→ 2C6H4CH3 215 3.97E-04 
9 C6H4CH3 + 2C2H4→ C6H5C2H5 + C3H6 141 1.81E-03 
 
From Table 4 the result of rate constants evaluation for the each reaction and considering the raw composition 
(Table 2) it can be concluded that the largest contribution for the product formation is made by the target alkylation 
reaction (1). By-products (PAB) formation is significantly lower, which is confirmed by the given constants in Table 
4. 
5. Conclusion 
The quantum-chemical modeling using the semi-empirical method based on NDDO (Neglecting of Diatomic 
Overlap) approximation at PM3 level allowed to obtain enthalpy, entropy and Gibbs energy. As a result the kinetic 
parameters of each stage of benzene with ethylene alkylation were determined. These values were used in 
mathematical model development. 
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